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Polymers are widely used in space shuttles and systems due to the unique properties they 
possess. However, the extremely harsh conditions in the low earth orbit (LEO), which ranges 
from 200-1800 km above the earth, have a degrading effect on those polymers. The 
predominant component of the LEO atmosphere is Atomic Oxygen (AO), which is a single O 
atom formed through the dissociation of molecular oxygen by ultra violet radiation from the 
sun. AO particles collide with a kinetic energy of approximately 5 eV, this energy is enough to 
facilitate the degradation of most polymers. An organic/inorganic hybrid material approach is 
used in this study through the incorporation of polyhedral oligomeric silsesquixanes (POSS) into 
traditional polymer systems. Several materials with different POSS percentages and exposure 
times to oxygen plasma (glassification process) are considered for this research. Following a 
pre-testing process only selected specimens are sent to the atomic oxygen testing facility at 
Marshall Space and Flight Center to be tested and evaluated. The specimens were assessed 
using the dynamic mechanical analysis and atomic force microscopy techniques to characterize 
the surface and obtain different mechanical and physical properties. A computational approach 
in the form of Molecular Dynamics (MD) simulations are performed on a polyimide and 
polyimide/POSS systems and elastic properties are determined. The selected materials with 
higher POSS percentages generally performed better in terms of mass loss of the tested 
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systems due to the rapid and more complete formation of an oxidized protective layer that 
significantly limits further degradation once it formed. The glassification process doesn’t seem 
to improve the resistance against AO attacks greatly at such small exposure times, never the 
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Satellites and space shuttles face severe environmental conditions like ultra-violet radiation and 
orbital debris when placed in low earth orbit (LEO) which directly affect the constituent 
materials from which it’s made. Since polymers are used extensively in this application, due to 
its unique properties that include low density, toughness, and electrical resistance, it’s 
important to study and investigate the methods in which it can be protected against such an 
environment. One of the most degrading effects that polymers have to withstand is Atomic 
Oxygen (AO) which is the main component in low earth orbit as well as the main focus of this 
study. Different polymeric materials are used in this study, with polyimide being the backbone 
of their chemical structure. These polymers involve the incorporation of nano materials into 
their chemical structure to form a new system in addition to the different exposure times to 
plasma treatment (glassification process). Selected specimens of the different combinations of 
materials were sent for AO testing in a ground-based simulation facility, in which they’ll be 
tested in conditions similar to the ones in LEO. Different characterization techniques are 
applied whether to explore the surface or to determine mechanical and physical properties of 
the polymers under study. Also, a computational approach embodied in molecular dynamics 






 Low Earth Orbit 
LEO is of great importance to humans nowadays because of the fact that most scientific 
satellites and the International Space Station (ISS) are located in this orbit. Due to its proximity 
to the earth’s surface it requires less energy to place a satellite there which makes it the most 
cost effective in terms of satellite placement. It also provides high bandwidth and low 
communication latency. It’s defined as an orbit that ranges from 180-2000 km above the 
earth [1]. 
 
Figure 1: Schematic of earths orbits 
(http://earthobservatory.nasa.gov/Features/OrbitsCatalog/images/orbits_schematic.png) 
The very harsh environmental conditions in LEO has a degrading effect on the materials used in 
the construction of space shuttles, making the task of choosing the right material a limited and 




subjected to various aggressive effects like solar radiation, thermal cycling which can range 
from -50 °C to 150 °C and bombardment by high and low energy charged particles [3]. Also the 
impact on spacecraft’s caused by low earth orbital debris and ultrahigh-velocity 
micrometeoroids have increased significantly in recent years [4]. 
 
Figure 2: Orbital debris in LEO (http://orbitaldebris.jsc.nasa.gov/photogallery/beehives/LEO1280.jpg) 
 But still, the fact that the predominant component of the LEO atmosphere is Atomic Oxygen 






 Atomic Oxygen 
It’s formed through the ultra violet (UV) radiation from the sun, by the dissociation of molecular 
oxygen (O2) into a single O atom and has a flux of approximately 1015 atom/cm2 /sec [2]. Due to 
its very reactive nature, the earth’s surface is not where one can find AO, at least not for a long 
period of time [6]. The atmosphere in LEO is comprised of 96% atomic oxygen and orbits the 
earth at an approximate speed of 8 km/s which makes AO particles collide with a kinetic energy 
of approximately 5 eV, this energy is enough to facilitate the degradation of Kapton® 
polymer[2][3][7]. AO contributes significantly to the surface degradation and erosion of 
materials, especially organic materials (polymers mainly), and this is why researchers are 
looking for ways of minimizing the damage or preventing it completely for space shuttles in 
LEO. 
 




Although most scholars are looking for ways to fight the AO attack, in some areas they have 
been harnessing the powers of this very reactive oxygen atom as it can be used in biomedical 
applications as well as in art restoration. Figure (3) shows a painting that has been treated with 
AO, the single O atoms attack the carbon or soot and leaves the inorganic pigments undamaged 
as it has already been oxidized [7].  
 Ground-based simulation 
The high cost of In-flight experiments, the limited availability of those experiments, and the 
need of fast yet accurate results have led to the development of many methods for simulating 
an AO attack in LEO such as: RF and DC plasma, photo dissociation and laser detonation 
sources [6]. Facilities with such simulation methods study the materials interaction rates as a 
function of time and the mechanism that leads to surface degradation of the material. Also it 
shows the full life effect of AO on the exposed materials. Facilities like this produce a beam of 
neutral AO at energy levels close to those of orbital conditions (5 eV) [8]. 
 Materials 
The focus of this study would be polymers and the effect that AO has on the degradation of 
these polymers. Polymers are widely used in the construction of space shuttles and systems 
due to their high strength to weight ratio and good mechanical, thermal, optical and electrical 
properties. When polymers are exposed to the different components of LEO, they will go 
through various harsh conditions which will ultimately have an altering effect on their chemical, 
thermal, electrical, optical and mechanical properties in addition to surface erosion [6]. Many 




worthiness of being space survivable materials while others didn’t. C/C (carbon fiber/carbon) 
composites and Si-C/C (silicon impregnated C/C) composite were used in a study by Fujimoto, 
Koji, et al. to highlight the mechanism in which carbon based materials degrade due to the 
effect of AO attack, which eventually proved that Si-C/C composite performs better as a space 
survivable material [5]. Other studies were focused on creating a hybrid material that consists 
of a polymer (Polyimide) and nano phase silica, which is basically the incorporation of an 
inorganic material (Silica) into an organic network (polymer) [9]. Another combination that 
resulted in many studies and follows the same approach that was mentioned earlier is the 
incorporation of polyhedral oligomeric silsesquixanes (POSS) into traditional polymer systems. 
POSS is nano structured material that is known to improve the physical and mechanical 
properties of a material when it is well dispersed into the polymer matrix; it is usually referred 
to as a nanocomposite once it’s incorporated into polymer systems. 
 
Figure 4: TriSilanolPhenyl POSS structure (Hybrid Plastics) 
A clear advantage can be offered from using a hybrid inorganic/organic material over the use of 




(VUV) radiation and AO. The molecular bonds of an organic polymer dissociate at 
approximately 4 eV, but for the Si-O bond it requires higher energy at about 8 eV, which is more 
than the 5 eV produced by AO particle collision [10]. POSS has been used in different forms 
(multi-chain or side-chain) and percentages [3] [4], and it was also incorporated with different 
polymer systems, with polyimides being the most widely used [11]. 
1.2 Materials 
Different materials, POSS percentages, and degrees of glassification were considered for this 
research. The polyimide with different POSS percentages was manufactured in the Nano 
Infrastructure Research Laboratory (NIRL), and the PM1215 thin films were also produced at 
NIRL, while the rest of the materials were used as received, and they were produced by Hybrid 
Plastics. 
 Glassification Process 
This is a process where polymeric materials are treated with oxygen plasma (O2) for a certain 
period of time to achieve modifications to the surface that may affect chemical composition 
and topography of that surface. Exposure to oxygen plasma causes oxidation, chain scission 
along with cross-linking between the different chains and the formation of a silica-like 
surface [12]. This silica-like surface is a thin glassy layer that reduces any additional surface 
damage to the underlying polyimide, and it is an inherent property of POSS polyimides. The 
purpose of surface glassification is to complete the oxidation process before the surface is even 
placed into an AO environment. If it is pre-glassified it should experience no, or very slight, 




This oxygen plasma treatment process was done by Hybrid Plastics using the PDC-001 plasma 
cleaner by Harrick Plasma. High settings were used, which applies 29.6 watts to the RF coil with 
the chamber pressure being in the range of 100-180 microns. 
 
Figure 5: Diagram for Processing Using the PlasmaFlo (Harrick Plasma) 
 




The process is illustrated in figure (5). While in figure (6) the plasma cleaner is shown (the 
bottom one) and it contains the chamber where the materials are treated with oxygen plasma. 
 Materials under study 
Table (1) shows a list of the materials used in this research, each material will be discussed 
individually later on. 
Material Exposure to plasma (min.) POSS (%wt.) 
PI 0 0, 5, 20, and 35 
PM1215 0, 1, 2, 3, and 4 10 
ThermalBright® 0, 1, 2, 3, and 4 5 
CORIN XLS 0, 1, 2, 3, and 4 35 
Table 1: List of Materials 
1.2.2.1 Polyimide 
A type of polymers that is thermally stable and the backbone of their structure could be 
aliphatic, semi-aromatic, but are usually aromatic. 
 




Polyimides exist in a wide range of forms because of the different synthesis methodologies that 
are available. The most commonly used synthesis procedure being the two-step polyamic acid 
process, which involves the reaction between dianhydride and a diamine at ambient 
temperatures in a dipolar aprotic solvent like N, N-dimethylacetamide (DMAc) or N- 
methylpyrrolidinone (NMP) to form polyamic acid, which is then formed into the final 
polyimide [13]. 
 
Figure 8: Reaction scheme for the preparation of kapton™ polyimide [13] 
1.2.2.2 POSS 
POSS is a nano material that had been discussed in length in section 1.1.4. What is worth 





1.2.2.3 PI/POSS composite 
A polyimide incorporated with different POSS percentages which are: 0%, 5%, 20%, and 35%. 
The polyimide was produced using a polyamic acid solution (15wt% in NMP) that was prepared 
by Hybrid Plastics and then it was incorporated with different POSS percentages (0%, 5%, 20% 
and 35%). The POSS that was used to prepare the composite is a TriSilanolPhenyl POSS.  
 
Figure 9: PI with 5%wt. POSS 
 Preparation of the mixture and the thin films: 
POSS can be directly mixed and dissolved in the precursor of polyimide which is 
polyamic acid solution, NMP as the solvent with 15wt% polyimide. One example was 
that in order to prepare PI with 20wt% POSS sample, 0.9 g POSS was added into 24 g of 
the solution followed by stirring to dissolve the POSS, the rest of the concentrations 






Polyamic acid (g) PI (g) POSS (g) POSS (wt. %) 
24 3.6 0 0 
24 3.6 0.1895 5 
24 3.6 0.9 20 
24 3.6 1.9385 35 
 
Table 2: Percentages of PI/POSS Composite 
The solution of PI/POSS was brushed onto a glass plate followed by stepwise heating, in 
which the sample was kept isothermal at 120 ͦC, 180 ͦC, 240 ͦC and 300 ͦC for 30 min, 
respectively. Heating rate was about 5 – 6 Cͦ/min. The cured and cooled film was gently 
peeled off from the glass plate. The films that were produced varied in thickness 40 – 60 
µm. 
 





This is a polyimide produced by Hybrid Plastics that has been incorporated with 10wt% POSS to 
increase the levels of toughness and oxidation resistance. POSS dispersion within the polyimide 
provides benefits that include flame retardancy, lower Coefficient of Thermal Expansion (CTE), 
and higher use temperature, while maintaining existing mechanical properties [12]. This 
material was received as a solution and the thin films were prepared in the LAB.  
 
Figure 11: PM1215 
 Preparation of PM1215 thin films: 
In order to prepare thin films out of this mixture, the same process used for PI/POSS 
was replicated.  
1.2.2.5 ThermalBright® 
A high performance opaque white polyimide film that has a wide range of uses in different 




structures. Thermabright® contains the polyimide shown below and 50wt% TiO2 and 5wt% 
TrisilanolPhenyl POSS [14]. 
 
Figure 12: ThermalBright®, as received from Hybrid Plastics 
 




This product by NeXolve exhibits high optical density (light blocking) and it is also useful in 
thermal control applications that require good UV durability, making it an excellent high 
temperature white paint replacement material. Other properties that are noteworthy to 
mention alongside the outstanding thermal and optical properties, is that ThermalBright® 
Polyimide shows one of the lowest moisture uptakes of all polyimides, at 0.2% [14]. This 
material was produced in the form of thin films that are 23 µm thick by Hybrid Plastics. 
1.2.2.6 CORIN XLS 
A type of polyimide that is colorless, clear, and transparent. It is composed of an 
organic/inorganic chemical mixture, the fluorinated polyimide is the organic part and POSS is 
the inorganic part and makes up 35wt% of the whole solution. 
 





Figure 15: Chemical structure for CORIN XLS (Hybrid Plastics) 
CORIN XLS is known for its ability to fight AO erosion and to resist radiation, which makes it an 
ideal candidate for use in different applications, such as satellites and space shuttles or even 
solar panels. This polyimide takes advantage of the nanocomposite technologies, POSS, to 
provide high levels of optical clarity, and stability to both oxidation and solar radiation. This 
material is also a product by NeXolve but it was produced in the form of thin films that are 10 
µm thick by Hybrid Plastics [15]. 
1.3 Characterization Techniques 
 Mechanical and physical properties 
The extraction of mechanical and physical properties of the materials that are being studied 
and tested for space survivability could be very beneficial in developing an understanding for 




which are of great importance in determining the basic characteristics of a material can always 
be tested for using a universal testing machine (UTM) [4]. The dynamic mechanical analysis 
(DMA) could be used to provide stress/strain tests and the glass transition temperature (Tg). 
While other properties like the coefficient of thermal expansion (CTE), which the sudden 
change in temperature in this experiment makes it a property of great importance, could be 
determined using a thermo mechanical analyzer (TMA) [3].  
 Surface characterization, analysis and topography 
The surface of the material being tested is very important to study as it provides numerous 
explanations to what happened during the experiment. One of the effects that the surface of a 
material undergoes is chemical decomposition, degradation and possibly the formation of a 
new layer. Gonzalez, Rene I. et al. discussed the use of XPS to analyze the chemical composition 
of the surface before and after the exposure to AO at different fluences [2]. Physical properties 
could be analyzed using a spectroscopic approach to “correlate the molecular level structuring 
with macroscopic property enhancements” [10]. Those properties could be explored using 
scanning electron microscope (SEM), environmental scanning electron microscope (ESEM) to 
determine the morphology of fractured surfaces and help in the inspection of newly developed 
layers [3][4]. Atomic force microscopy (AFM) can also be used to assess the physical properties 
of materials by using it as a measure of roughness for the samples before and after testing, with 
the help of surface imaging software’s [11]. The exact topography of the surface can be 
obtained to measure the step height difference between exposed and unexposed areas using a 




 Erosion yield 
It can be described as the quantification of the vulnerability of a certain material to AO attack 
and it is defined as the ratio of the volume or mass lost per each incident oxygen atom. There is 
a wide range of factors that may affect the erosion yield value of a material, such as AO flux, AO 
fluence, impact angle, and material temperature. Due to the limited amount of in-space testing, 
a comprehensive understanding of the influence that these factors have on erosion yield has 
not been well established yet [16]. According to the ASTM standard E2089, the erosion yield of 









             Equation 1: Erosion yield 
Where: 
ΔM = mass loss of the sample (g) 
ρ = density of the sample (g/cm3) 
A = surface area of the sample exposed to atomic oxygen (cm2) 







1.4 Molecular Dynamics 
A brief definition would be that it is a computational technique used to calculate the behavior 
of a molecular system in a time-dependent fashion. Any MD simulation is usually preceded by 
an energy minimization (molecular mechanics) process which depends on calculating the total 
potential energy of a molecular system and then searching for the lowest state of energy that a 
molecular system can attain. The potential energy of a molecule is calculated using what is 
called a force field, which is composed of a collection of terms that make up the total potential 
energy in a molecular system when calculated. Searching for the minimum state of energy, 
looking for an equilibrium state, can be achieved using a variety of optimization techniques. The 
derivative methods are the most commonly used when it comes to finding the minimum state 
of energy and it can be divided into first order methods like: the steepest descent, and second 
order methods like: Newton-Raphson. Both of these methods depend on finding the gradient 
and then finding new positions for the atoms or different conformations, such that the 
potential energy is decreased by the maximum possible amount to reach a global minimum 
potential energy state. The minimized system is used as an initial molecular system for the MD 
simulations. The final temperature that the system will reach is set and that will determine the 





Figure 16: Boltzmann distribution 
(http://hincklab.uthscsa.edu/~ahinck/html/soft_packs/msi_docs/insight980/forcefields/FFBSim/graphics/5_Dynamics.anc13.gif) 
 Forces can be calculated through the integration of energy which means that the acceleration  
𝑑𝐸
𝑑𝑟
= 𝐹 = 𝑚𝑎(𝑡) 
Equation 2: Newton's equation of motion 
can be determined and all that is left now is finding the new positions of the atoms with respect 
to time through solving newton’s equation of motion. Tracking the new positions of the atoms 
can be done using different numerical approaches like: the leapfrog algorithm or verlet velocity 
algorithm [19]. A dynamic time is set for the simulation in order to bring the system to 
equilibrium, which may require a large number of iterations and CPU run time. This equilibrium 
can be achieved by increasing the dynamic time to the point where energy vs. time and 
temperature vs. time start to fluctuate around their averages until they become constant. 





 Force Fields 
Amongst molecules or a group of molecules, there exist interactions that could be described in 
terms of functions and parameters sets in molecular dynamics, these average descriptions are 
called force fields [21]. They are used mainly to calculate the potential energy of a molecular 
system and they are mostly empirical formulas derived from quantum modeling. Force fields 
may include bonded terms and non-bonded terms. The bonded terms may include bond-
stretching, bond-bending or dihedral motions. The non-bonded terms mostly are van der Waals 
and electrostatic forces and the number of these interactions can be reduced by setting a cut-
off distance. Many force fields exist but only one has been used in this study which is COMPASS. 
1.4.1.1 COMPASS force field 
COMPASS (Condensed-Phase Optimized Molecular Potentials for Atomistic Simulation Studies) 
is the first force field that is ab initio-based to have been parameterized for molecules in the 
condensed phase. This enables COMPASS to make accurate predictions of structural, 
conformational, vibrational, and thermo-physical properties for a wide range of compounds 
weather in isolation or in condensed phases [22].  





Equation 3: COMPASS force field 
In this equation the terms one through ten are called the “valence terms”. The first four terms 
describe the bond (b), bond-angle (θ), torsion angle (ϕ), and out of plane angle (χ) and the 
energy associated with each one of them. Terms five through eight represent the cross coupling 
terms, which are bond or angle distortions caused by nearby atoms. The last two terms of this 
formula are concerned with the energy from non-bonded interactions and they are represented 






1.4.1.2 ReaxFF force field 
The need for accurate force fields that quickly evaluate forces and dynamical properties like the 
diffusion of small molecules into a polymer or determining the effects of mechanical shock 
waves, especially for large systems, led to the development of such a force field. Although a 
number of force fields have been developed, most of them don’t describe the chemical 
reactivity. ReaxFF is “a general bond-order-dependent potential in which the van der waals and 
coulomb forces are included from the beginning and the dissociations and reaction curves are 
derived from quantum mechanics calculations”. The general form of this force field is explained 
in Van Duin, Adri CT, et al. (2001) [23] 
 Module used: Discover 
This program has the ability to perform MD simulations on a variety of materials and molecular 
systems, mainly because of the wide range of simulation method that it offers. Many aspects of 
the material study can be performed using Discover from the structural characterization of a 
molecular system to the prediction of certain properties of the molecule. Discover combines a 
well-validated, good number of force fields for dynamic simulations, energy minimizations, and 
conformational searches [24]. 
 Thermodynamic Ensembles 
It is defined as “a collection of all possible systems which have different microscopic states but 
have an identical macroscopic or thermodynamic state” [25]. There are several different 
ensembles that are used in MD like: NVT, NVE or NPT, where:  




 V is the volume 
 T is the temperature 
 E is the energy 
 P is the pressure 
Each letter in the ensemble name is a characteristic of this thermodynamic state. Since MD 
simulations are based on statistical mechanics, the ergodic hypothesis is assumed, which states 
that the value calculated from the ensemble average is the same as the time average calculated 
by studying the time evolution of the original system [25]. 
1.5 Motivation from other studies 
Most studies that explored the effect of AO on materials, specifically polymers, used in LEO 
have chosen to incorporate the polymer (organic) with an inorganic material (e.g.: silica or 
POSS). This type of hybrid material showed a lot of promise in limiting the degrading effect of 
AO. Experiments shows that after those hybrid materials have been exposed to AO, a decrease 
in the carbon content and an increase in both oxygen and silicon near the surface occurs, 
leading to the formation of an inorganic component on the surface, thus forming a protective 
layer (SiO2) [2]. The extent to which this passivizing layer was helping against the AO attack is 
unsettled, one study showed that this layer limits the erosion greatly until it reaches a finite 
steady state but it doesn’t stop it, this was explained by stating that the surface might not be 
fully passivized [11]. While other studies believe that it will prohibit further degradation of the 
polymer [2], Tomczak, Sandra J., et al. showed that even after scratching the newly formed 
passivizing silica layer and exposing the sample again to AO, a new silica layer will form in the 
scratched region [3]. Some studies described the materials as having undercut cavities forming 




Verker, R. et al. suggested that in an environment like LEO with elevated temperatures, residual 
stresses are formed and they play a major role in the local erosion of polymers, by stating that 
these stresses cause a local increase in the polymer free volume, thus making a pathway for 
oxygen diffusion into the polymer and beginning a local degradation process [4]. 
1.6 Objectives 
 Explore the effect of POSS content in AO resistance 
 Investigating the effect that the glassification process has in resisting AO 
 Determine the extent of degradation of the tested materials 
 The development of a relationship between mechanical properties of a material and the 
effect they have on protecting against AO attack. 
 Establishing an understanding of the mechanism in which AO degrade materials. 
 Using molecular dynamics simulations to understand the mechanism of the degradation 






This research starts with the pre-testing phase, where it is determined which materials will be 
sent to the ground simulation facility for AO testing. Characterization of tested materials would 
include both experimental and computational techniques. The schematic displayed below in 
figure (15) shows how the work is broken down into the different phases or steps of the project 








The limited number of samples to be sent to AO testing in an LEO simulated environment, 
forces the implementation of a criteria that governs the process of choosing only 7 materials 
out of the 19 different combinations that are already available. This criterion should 
comprehend the different variables that these materials possess, from different POSS 
percentages to the different exposure times to oxygen plasma. 




Energy density (Toughness) is chosen to be that criteria and the dynamic mechanical analysis 
(DMA) method is used to test thin films of the materials to obtain stress-strain curves and then 
calculate the total energy. 
 Dynamic Mechanical Analysis 
The dynamic mechanical analysis (DMA) is a method of analysis that is performed by an 
instrument to measure the mechanical properties of materials, especially polymers and 
viscoelastic materials, and characterize them. This method depends on the generation of a 
sinusoidal wave that causes deformation to a sample of known geometry by either controlling 









The deformation of a material is directly related to its stiffness. DMA measures the storage 
modulus (Eʹ) which represents the elastic response of the material and the loss modulus (Eʹʹ), 
representing the viscose response; both of these moduli are a measure of stored energy in 
viscoelastic solids. Tan delta or Tan (δ) is the ratio of the loss modulus to the storage modulus 
and is a relative measure of the energy dissipation of a material [27]. The peak of the tan delta 
vs. temperature curve is defined as the glass transition temperature (Tg), which is the 
temperature at which the polymer, or an amorphous structure, make the transition from a 
solid, glassy state to a rubbery or more pliable state. At Tg, the storage modulus decreases 
dramatically and the loss modulus reaches a maximum. Temperature-sweeping DMA is often 
used to characterize the glass transition temperature of a material. 
 
Figure 19: Calculation of E*, E', E'', and Tan (δ) [27]  
The DMA used was the Q800 by TA instruments and the samples were tested under the 
controlled force mode, which is best suited for the evaluation of thin films and fibers, with 
constant force ramp measurements. In this test, thin films are clamped from both ends using a 





Figure 20: The tension clamp 
 
2.2.1.1 Controlled Force Mode: 
The test was performed using a preload force of 0.01N for ThermalBright®, CORIN XLS, 
and the 5%, 20%, and 35% PI/POSS composite samples, while 0.5N was used for 
PM1215 and the 0% PI/POSS composite samples. All samples were equilibrated at 350 
Celsius and kept isothermal for 5 minutes. The force is then ramped at a rate of 
0.1N/min to a maximum value of 18N. 
A stress-strain test was conducted multiple times on each material to ensure that there 






2.2.1.2 Screening process 
Stress-strain curves are obtained for each sample. Figure (4) shows a stress-strain curve 
for PM1215, CORIN XLS, and ThermalBright samples with 0 and 3 minutes exposure to 
plasma and a PI with 0% POSS. The samples depicted in figure (19) are actually the 
samples chosen to be sent to the AO testing.  
The area under the curve in figure (21) is integrated using MATLAB® to calculate the 
total energy for each sample and an averaged value of those energies was determined, 






                               Figure 21: Stress-Strain curves for specimens sent to AO testing  
Selected number of specimens were chosen based on a range of different enrgy levels 



















ThermalBright® 2 5 0.089 45.4677 2.8594 
ThermalBright® 1 5 0.1432 49.8495 3.9437 
ThermalBright® 4 5 0.1548 50.5633 4.1873 
ThermalBright® 3 5 0.1633 48.0010 4.5636 
ThermalBright® 0 5 0.1882 48.9372 5.3878 
CORIN XLS 4 35 0.2928 64.0068 7.3297 
CORIN XLS 0 35 0.39 73.6668 8.2351 
CORIN XLS 2 35 0.4437 71.6449 9.0010 
CORIN XLS 1 35 0.4618 71.0759 10.1076 
CORIN XLS 3 35 0.6364 70.6468 12.0040 
PI 0 20 0.7256 71.7436 13.8370 
PI 0 35 2.1261 89.9084 28.5041 
PI 0 5 2.6078 102.6102 30.6730 
PM1215 3 10 3.12 92.0690 38.3616 
PM1215 4 10 5.6285 111.1764 58.1764 
PM1215 2 10 5.7877 119.5491 55.4024 




PM1215 1 10 6.1378 145.8112 50.3500 
PI 0 0 7.115 130.3801 71.5692 
Table 3: Energy density, tensile stress, and tensile strain 
2.2.1.3 Effect of glassification 
 
Figure 22: Energy density vs exposure 
Figure (22) shows that the variation of energy density within the same material but at different 
exposure times is not significant, except for the 3 minute plasma treated PM1215 specimen 
which is most likely a defect in the tested sample itself. This means that the plasma treatment 





Figure 23: Tensile strain vs exposure 
Figures (23) and (24), also shows minimal variations in the material property at different 
exposure times, same remarks about the 3 minute PM1215 specimen are echoed here. Even 
when a change is noticed at a certain exposure time in tensile strain, an opposite change is 
observed on the tensile strength plot, which explains the proximity of toughness values within 
the same material in figure (22) as they are a result of integrating stress with respect to strain. 
The properties discussed in figures (22-24) are all considered to be bulk properties, which 





Figure 24: Tensile strength vs exposure 
 
2.2.1.4 Effect of POSS 
In figures (25) to (28), the PI/POSS specimens with varying POSS percentages were 





Figure 25: POSS (%) vs. Tensile strength 
At 0% POSS (control specimen) it seems that the polyimide achieves the highest 
tensile strength out of the different POSS percentages, but no clear pattern that shows 
a direct relationship between the tensile strength and the POSS percentage. 
Specimens that contain 0.1%, 0.5%, and 1% POSS were synthesized, and in the same 
manner as in figure (25) they were plotted in the figure below to understand what 





Figure 26: POSS (%) vs. Tensile strength 
An instant drop at the 0.1% is clear then the tensile strength starts picking up at the 
0.5% and 1%. From observing the previous figure it seems that another drop will occur 
before or at the 5% POSS, so most of the improvements are noticed to be at lower 
POSS percentage. Whereas at higher POSS percentages a drop in mechanical 
properties is assured but it does not necessarily mean that with higher POSS 
percentages, lower mechanical properties will be obtained and the 35% POSS 
specimen is an example of that. 
The two figures below discuss the tensile strain property in the same fashion. The 






Figure 27: POSS (%) vs. Tensile strain 
 




2.3 Atomic Oxygen Testing 
The materials chosen in the previous section were sent to the atomic oxygen testing facility at 
Marshall Space and Flight Center (MSFC) along with a Kapton HN sample as a reference. All the 
specimens will be evaluated by the Space and Environmental Effects Team at NASA/MSFC. The 
Atomic Oxygen Beam Facility (AOBF) in NASA/MSFC produces a 5 eV neutral atomic oxygen 
beam by placing a metal plate in contact with magnetically (3 to 4 kilogauss) confined atomic 
oxygen plasma.  The atomic oxygen plasma is produced by a radio frequency (RF) driven lower 
hybrid plasma source.  The AOBF is capable of supplying 5 eV atomic oxygen atoms in a pulsed 
fashion for long periods of time.  The atomic oxygen flux produced by the AOBF system is 
approximately 5 x 10^ (15) atoms/cm2/sec. During production of the atomic oxygen plasma, 
where O2 dissociates and ionizes, the system generates electromagnetic radiation in the VUV 
region at 130 nm.  One-inch diameter control and test samples were punched out of the sent 
films and used in the testing. MSFC researchers will evaluate the extent of erosion and effective 
atomic oxygen-resistance of the POSS® based polymers.  
 




The figure below shows the samples prior to AO exposure. Clockwise from 2:00 position: 
polyimide, PM1215, PM1215 with 3 min O2 plasma, CORIN XLS, CORIN XLS with 3 min O2 
plasma, ThermalBright, ThermalBright with 3 min O2 plasma. At the center is the Kapton HN 
sample to monitor the fluence. 
 
Figure 30: Materials prior to AO exposure 
The samples to be exposed were weighed before and after AO exposure. In addition, solar 
absorptance and infrared emittance measurements were made on the Thermalbright samples 
because they appeared to be non-transmissive. 
The raw mass measurement of hygroscopic materials required regression analysis, due to 




balance. Both the polyimide and PM1215 samples, were placed one sample at a time in a small 
vacuum chamber located close to a balance and pumped down to 50 millitorr. When the 
vacuum chamber reached 50 millitorr, it was vented and a timer started. The sample was 
removed and immediately placed on the balance.  Weight was recorded versus time at 30 
seconds intervals up to 3 minutes, and linear regression was used to determine the weight at 
time zero.  This is standard practice for hygroscopic materials to eliminate weight changes due 
to humidity. The CORIN XLS and ThermalBright samples are not measurably hygroscopic. The 
fluence affecting the samples was calculated using equation (1), where the known erosion yield 
of the Kapton HN is used to find F, the fluence.  
Solar absorptance for the 250 nm to 2800 nm wavelength band was measured using an AZ 
Technology Laboratory Portable Spectroreflectometer (LPSR). Integrated infrared emittance 
was measured using an AZ Technology TEMP 2000 Infrared Reflectometer. The detector for this 
instrument is sensitive between 2 and 35 micron wavelength. Stray light was minimized as 
much as possible to reduce measurement error. 
The AO fluence by beam current measurements and Kapton witness mass loss was 7.77 x 10^ 
(20) atoms/cm2. The concurrent vacuum ultraviolet radiation exposure was approximately 600 
equivalent sun-hours. Mass loss is given in Table (4). Solar absorptance decreased from 0.348 to 
0.322 for Thermalbright and decreased from 0.344 to 0.323 for plasma-exposed Thermalbright. 
Infrared emittance slightly increased for both Thermalbright samples from 0.88 to 0.89, though 

















































































3.84 7.77E+20 1.42 2.80E-24 
 




All of the seven materials performed better in terms of Ey than the reference sample, Kapton 
HN. Table (4) shows the materials arranged from smallest to largest with regard to Ey.  
 
Figure 31: Materials after AO exposure with retainer plate removed 
In figure (31), it can be seen that the annulus is unexposed to AO and is particularly noticeable 
for the Kapton and polyimide samples. 
The erosion yield of the non-plasma CORIN XLS sample was calculated to be 3.35 x 10^ (-26) 
cm3/atom. Flight data from MISSE-7B ram-facing side indicated 3.05 x 10^ (-26) cm3/atom for 
CORIN, so this is reasonable. The erosion yield for the Thermalbright samples using a density of 




flight data of 9.0 x 10^ (-26) cm3/atom. It is not unusual for fluorinated polymers to react more 
strongly in the AOBF than on orbit. The Thermalbright samples appeared to be slightly bleached 
by the AO exposure, which was confirmed by solar absorptance measurements.  
 
Figure 32: POSS percentage vs. Ey 
In the figure above it can be seen that the erosion yield has an inverse relationship with the 
POSS percentage. Also, the plasma exposure prior to the AO test did not appear to have a 
significant effect, as the plasma treated samples performed slightly better in ThermalBright and 






Figure 33: Toughness vs. Erosion yield 
It was shown in the previous DMA results that the energy density (toughness) is not affected by 
the oxygen plasma treatment and that conclusion is reinforced through figure (27), where 








This part was done by using molecular dynamics simulations software Accelrys Materials Studio 
version 4.2. These simulations were conducted on PI and PI/POSS nano composite structures 
(Kapton® polyimide chemical structure was used) in order to characterize those materials in 
their pristine condition as well as after the AO bombardment. Outcomes such as: mechanical 
properties and mass loss will be studied in this section. 
 Building the Systems 
2.4.1.1 PI 
A single PI chain with a chemical structure as shown in figure (23) is created. This single chain is 
then multiplied and placed in a simulation box with periodic boundary conditions using the 
amorphous cell module, to form a much larger system capable of giving more accurate results. 
The system was constructed at 298 ͦK, with 2704 atoms at a density of 1.43 g/cc. It then 
underwent an energy minimization right after it was created using the fine minimization 
(20,000 iterations) offered by the discover module. 
 





Figure 35: Minimized PI structure  
 
2.4.1.2 PI/POSS 
The same PI chain used previously is also used in this system in addition to the TriSilanolPhenyl 
POSS which was added as a nano filler with no chemical bond attaching it to the PI chain. The 
system is enlarged in the same manner that was implemented in the PI system but with more 











Density (g/cc) POSS/PI ratio 
(%) 
PI 398.374 17451.84 1.4 10.67 
POSS 931.35 1862.7 1.42 
Table 5: Proportions of the PI/POSS system 
The table above shows how each chain is enlarged in order to reach the 10% ratio between 
POSS and PI in terms of mass, this PI/POSS system was constructed using the amorphous cell 
module at 298 ͦK with a total number of atoms equal to 2058 and a final density of 1.4 g/cc. The 
system is then minimized using fine minimization option offered by the discover module.  
 




 Annealing Process 
Annealing of polymers and plastics is a well-known process in which the polymeric material is 
heated above its glass transition temperature and then gradually cooled to allow the chains of a 
polymer to recoil and relieve any internal stresses. This process would help in even minimizing 
the energy of the system furthermore to reach a better or more global state of equilibrium. This 
process was simulated using molecular dynamics, where the temperature of both systems was 
raised to 698 ͦK (above their Tg) and then gradually cooled down in 50 Kͦ steps until it reached 
300 ͦK (room temperature). 
The input parameters for those dynamics simulation are: 
 Ensemble: NVT 
 Thermostat:  velocity scale  
 Production time:  500 - 700 ps  
 Time step:  1.0 fs 
If the results of the MD simulations are inadequate (i.e. high standard deviation of energies or 
temperature), the time steps or total production time will need to be increased which explains 
the varying production time. 
This process helped slightly in reaching a lower state of energy for both the PI and PI/POSS 






 Elastic properties 
Young’s modulus and Poisson’s ratio are both calculated for the two systems that we have. 
Considering that both systems are of an isotropic nature: 
System Young’s Modulus (GPa) Poisson’s ratio 
PI 15.28 0.3222 
PI/POSS 9.548 0.3567 
Table 6: Elastic constants 
The values of the Poisson’s ratio are very close to what is found in literature [28], while the 
values of young’s modulus are definitely higher than what is found in literature for both 
systems [29]. But voids and impurities that exist in real life lead to imperfections in the final 
product which results in lower mechanical properties than what is simulated. Also, the cut-off 
distance, which is defined as the minimum distance between two neighboring atoms at which 
interactions from the non-bond list like: Van der Waals and Coulomb forces will be applied. The 










2.5 Experimental  
 Atomic Force Microscopy 
The characteristic of bulk properties of nanocomposites provide only partial information about 
the solid. The interaction of the matrix and the reinforcement is particularly difficult to assess, 
especially in case of nanocomposites. The nano scale size particles in polymeric 
nanocomposites make evaluating the distribution of the reinforcement more complicated. 
Additionally, the performance of nanocomposite materials is more complicated compared to 
typical composites with similar features. Characterizing the physical properties and the 
structures is more vital and necessary for optimizing nanocomposites design. Atomic Force 
Microscopy (AFM) imaging provides a parallel source of information to emphasize knowledge 
and observations for nanocomposites.  
Scanning probe microscopy is the newest type of microscopy utilized for advanced surface 
characterization. Although scanning tunneling microscopy is invented first, the current state-of 
art microscopy is AFM. AFM is basically a nano dimension probe, monatomic tip, scanned or 
tapped along the surface of specimen. The displacement of the tip is monitored by 
interferometry. A laser is bounced off the back of the tip, allowing very precise measurements 
of displacement. The tip is also allowed to interact with the surface providing chemical and 
physical information about the surface. Other probe types include magnetic probe microscopy. 
AFM has developed into a multifunctional technique suitable to for characterization of 
topography, adhesion, mechanical, and other properties. The dimensions of the imaged sample 




2.5.1.1 Modes of operation 
AFM operates on different modes and they are illustrated in this section.  
 Contact Mode  
Contact mode AFM is one of the broadly used scanning probe modes. It operates by scanning a 
sharp tip, usually silicon or silicon nitride (see Figure 1) attached to a low spring constant 
cantilever. The spring constant is extremely low in the range ~10-9 N/m which is compatible 
with interatomic force ranges, thereby pushing the tip against the sample as it scans. The 
repulsive and attraction forces, between the tip and the surface, or the deflection is recorded 
relative to spatial variation and then converted into an analogue image of the sample surface. 
 
 
Figure 37: AFM silicon nitride contact mode probe with different spring constants (N/m) 
A schematic diagram for the operating principles of AFM in the contact mode is shown in Figure 
2. The AFM tip is brought manually close to the sample surface, and then the nanoscope 
scanner will adjust the tip-sample based on a user defined setpoint. A laser beam, aligned at 
the back of the cantilever tip, reflects off the cantilever surface to a split photodiode, which 













tip-sample separation by moving the scanner in the z direction to maintain the setpoint 
deflection. This feedback loop will prevent the tip from crashing into the sample with even fine 
topographic features. Finally the distance the scanner moves in the z-direction is stored in the 
computer relative to variation in the x-y plane to generate topographic image of the sample 
surface [1]. The deflection of the cantilever ∆x is proportional to the cantilever stiffness k via 
Hooke’s law (F=k.∆x). The amount of deflection for a given force also depends on the tip-
sample contact area. 
 





 Non-Contact Mode 
In this mode, the probe operates in the attractive forcefield and the tip-sample interaction is 
minimized. This mode allows scanning without influencing the shape of the sample by the tip-
sample forces. The spring constant, for the non-contact mode, is usually a high (20-100 N/m) 
silicon tip; to ensure that the tip will not crash on the surface of the sample.   
 Tapping Mode 
In the tapping mode, the cantilever is oscillating close to its resonance frequency. An electronic 
feedback loop ensures the oscillation amplitude remains constant. In other words, a constant 
tip-sample interaction is maintained throughout the surface scanning.  
The interaction forces between the tip-sample will not cause a change in the oscillation 
amplitude, but also change the resonant frequency and phase of the cantilever. The amplitude 
change signal is converted into height image, and the phase changes are presented in a phase 
image. Height and phase images are often obtained simultaneously, to show the variations at 
different points on the surface [30]. 
2.5.1.2 Characterization of POSS-polyimide Surfaces with AFM   
For soft materials such as polymers, it is found that the high tip-sample forces in the contact 
mode, due to the presence of lateral forces, often lead to mechanical deformation of the 
surface. In order to avoid the damage of the surface, tapping mode is developed. AFM 





Figure 39: AFM instrumentation setup 
The Flex AFM scanning probe microscope by Nanosurf is used. The nanoscope is operated at 
ambient temperature. Silicon AFM probes with reflective aluminum coated tips that possess a 
5N/m spring constant and a resonance frequency of around 150 kHz are used. The tapping 
force is varied by controlling the amplitude set point for each scan and is varied depending on 







2.5.1.3 Effect of glassification on the surface 
The AFM technique is used to explore the effect that plasma treatment has on polymeric 
surfaces through studying the topography changes and performing phase analysis. A 
ThermalBright control sample and a 3 minute exposed one were used to perform this 
comparison and explore the effects of glassification process on their surfaces. 
2.5.1.3.1 Height analysis 
 
           Figure 41: Distribution of height 
 





                         Figure 43: Distribution of height 
A change in the topography image can be observed when comparing both of the 5 micron 
images and shows that the surface is distributed in a more uniform fashion. The distribution of 
height is studied in both cases and it shows that approximately 80% of the ThermalBright (3 
min. exposure) are within the same height range, which indicates uniformity of the surface. 
Whereas in the distribution of the control sample, the height is clearly less uniform and the 
slope of the CDF (cumulative distribution function) is not as steep. The same changes are 
observed on images of different sizes, below are a 2 micron images of the same material 
displayed in the same manner. 





                              Figure 45: Distribution of height 
 
                                                     
 
Figure 47: Distribution of height 
Those changes could be tied to the oxidizing nature of the plasma treatment, as the surface is 
oxidized  it becomes more uniform in terms of height as opposed to the control sample that 
didn’t experience any plasma treatment. 
Figure 44: Topography of ThermalBright (control) 




2.5.1.3.2 Phase analysis 
 
  Figure 49: Phase of ThermalBright (control) 
 
 
The scale in the phase image, which reads the phase angle, of the exposed sample is increased 
to almost double of what the control sample scale reads; this was also observed in images of 
different sizes. Below, 2 micron images of the same material are displayed in the same manner. 
Figure 48: Phase distribution 





                           Figure 53: Phase distribution 
                                                       
 
                          Figure 55: Phase distribution 
Also, a change in the phase angle is observed in a reversed manner to what is seen in the 5 
micron images. This means that the relative stiffness within the overall surface has increased. 
This is also supported by the phase distribution which shows that the values of the phase angle 
in the exposed sample are more uniformly distributed over a wider range in comparison to the 
control sample. This is clearly an effect of the glassification process. 
Figure 52: Phase of ThermalBright (control) 




Changes in both the topography and the phase of the Themalbright are an indication of the 
formation of a new layer on the surface due to the oxidizing effect of the plasma treatment. 
This layer seems to have a more uniform surface in terms of both height and phase.  
 DMA 
The theory of the DMA has been discussed earlier in section 2.2.1. In this section, the DMA is 
used in a different mode to obtain different properties that would help in further investigations 
of the materials. 
2.5.2.1 Multi-Frequency Mode 
This test was conducted using 1Hz single frequency, 20µm amplitude, and a temperature ramp 
of 10 0C/ min to a maximum temperature value that varied depending on the different 
materials and their glass transition temperatures. 
2.5.2.2 Screening Process 





Figure 56: Typical temperature sweep curve 
Table (5) shows the results obtained for all the tested samples. Tan delta in the table is 
measured at the peak of the tan delta vs. temperature curve (i.e. at the glass transition 








Tg (ͦC) Tan Delta 
CORIN XLS 4 35 1.1064 245.9925 1.3676 
CORIN XLS 0 35 1.4716 260.8325 0.9537 
PI 0 5 1.8054 404.0876 0.2317 




PI 0 35 2.0108 398.9447 0.2637 
CORIN XLS 2 35 2.0824 256.5011 1.024 
CORIN XLS 3 35 2.2455 247.7575 1.1328 
PI 0 20 2.371 401.8238 0.2676 
PM1215 1 10 2.5152 393.0855 0.2633 
PI 0 0 2.649 409.5364 0.2562 
ThermalBright® 2 5 2.9131 285.9371 1.0844 
PM1215 4 10 3.0087 395.2124 0.2559 
PM1215 0 10 3.0189 392.3035 0.237 
ThermalBright® 1 5 3.0307 286.7612 1.0915 
PM1215 2 10 3.2414 390.0784 0.2319 
PM1215 3 10 3.2578 391.1387 0.2583 
ThermalBright® 0 5 3.3381 288.0243 1.0856 
ThermalBright® 3 5 3.5755 287.7339 1.102 
ThermalBright® 4 5 3.6638 285.1562 1.0579 








2.5.2.3 Effect of glassification process 
 
Figure 57: Storage modulus vs exposure 
The storage modulus, measured at room temperature, doesn’t seem to vary much in both 
PM1215 and ThermalBright when the error bars are considered. However, the storage modulus 
of CORIN XLS seems to be increasing with increasing the exposure time, except for the 4 minute 
exposed sample which could be due to a defect in the sample itself. This change in storage 
modulus can also be tied to the figure below, where tan delta, the ratio of loss to storage 




loss modulus is increasing far more rapidly than the storage modulus at higher exposure times 
for the CORIN XLS. 
 
Figure 58: Tan delta vs exposure 
For ThermalBright and PM1215, in the figure above, the lines representing the change in tan 
delta versus the different exposure times experience slight changes. In the case of PM1215 the 
values of tan delta are increasing with more exposure to plasma oxygen while ThermalBright’s 




tan delta for the CORIN XLS means that the response of the material is becoming more viscous 
at the glass transition temperature when increasing the exposure time to oxygen plasma. 
 
Figure 59: Tg vs. exposure 
In the figure above, it is clear that the glass transition temperature is not affected by increasing 
the exposure time of the three different materials, thus the plasma treatment has no effect on 





2.5.2.4 Effect of POSS  
 
Figure 60: POSS (%) vs. Tg, Tan delta 
A study was conducted by Rodríguez, J. G. I. et al. to determine the effect of nanofillers on the 
glass transition temperature of polyurethane, in which they used spherical silica nanoparticles 
as the nanofiller. They concluded their study by stating that the temperature is not significantly 
affected by the different amounts of silica particles used, and that one of the reasons of Tg 
variation in a composite is the interaction between nanoparticles and the polymeric matrix [31]. 




different POSS percentages. As for tan delta, minimal increment was noticed when the POSS 
percentage is raised and figure (55) shows how Tan delta varies with Ey.  
 
Figure 61: Tan delta vs. Ey 
It’s noticed from the figure that the more a material is exposed to oxygen plasma (symbols in 
red) a higher value of Tan delta is achieved as well as a better performance, except in the 





 The galssification process doesn’t have any effects on bulk properties in general (i.e. 
Toughness, elastic modulus, tensile strength, etc.) 
 The selected materials with higher POSS percentages generally performed better in 
terms of mass loss of the tested systems due to the rapid and more complete formation 
of an oxidized protective layer that significantly limits further degradation once it 
formed.  
The synergetic effect of POSS and oxygen plasma leads to higher values of tan delta, meaning 
that the materials response is becoming more viscous and changes in the material phase and 
topography are taking place. These changes are responsible for the increase in relative stiffness 
within the overall surface of the material and the formation of a new protective layer. The 
oxidizing nature of the plasma treatment is mainly responsible for the development of this layer 
which seems to have a more uniform surface in terms of both height and phase. The erosion 
yield results showed that the plasma treated samples had smaller values than the control ones, 
except for the CORIN XLS although the values were extremely close. This could be due to the 
high POSS percentage contained in CORIN XLS, meaning that whenever it’s exposed to AO the 
oxidation process occurs rapidly over the surface that a glassified sample won’t make much of a 




 The glassification process doesn’t seem to improve the resistance against AO attacks 
greatly at such small exposure times, never the less a slight improvement is noticed. 
 Recommendations: The duration of the plasma treatment process should be increased 
to ensure that the surface of nano enhanced materials is fully oxidized and therefore 
obtain a better performance from them. 
3.1 Future Work 
 Perform X-ray photoelectron spectroscopy (XPS) to develop a better understanding of 
the surface chemistry of the materials when subjected to AO. 
 Further simulation work is needed.  
 Perform flammability, toxicity and degassing experiments. 
 Incorporation of AO attack with hyper-velocity impacts generated from low earth orbital 
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